The basic free-space optical communication system includes at least two satellites. To communicate between them, the transmitter satellite must track the beacon of the receiver satellite and point the information optical beam in its direction. Optical tracking and pointing systems for free space suffer during tracking from high-amplitude vibration because of background radiation from interstellar objects such as the Sun, Moon, Earth, and stars in the tracking field of view or the mechanical impact from satellite internal and external sources. The vibrations of beam pointing increase the bit error rate and jam communication between the two satellites. One way to overcome this problem is to increase the satellite receiver beacon power. However, this solution requires increased power consumption and weight, both of which are disadvantageous in satellite development. Considering these facts, we derive a mathematical model of a communication system that adapts optimally the transmitter beam width and the transmitted power to the tracking system performance. Based on this model, we investigate the performance of a communication system with discrete element optical phased array transmitter telescope gain. An example for a practical communication system between a Low Earth Orbit Satellite and a Geostationary Earth Orbit Satellite is presented. From the results of this research it can be seen that a four-element adaptive transmitter telescope is sufficient to compensate for vibration amplitude doubling. The benefits of the proposed model are less required transmitter power and improved communication system performance.
with very small transmitter divergence angles to assure maximum received power. The disadvantages of too narrow a divergence angle in a simplistic manner are that the transmitter beam can sometimes miss the receiver satellite because of pointing vibrations. Also, to obtain small divergence beam angles we must use a transmitter optics aperture that is large and expensive. As a result of these considerations, for every vibration amplitude and system parameter there is an optimum transmitter power and divergence beam angle. For several years the use of optical phased arrays has been investigated for satellite optical communication. 4 -6 The main application of an optical phased array is fast beam steering to overcome vibration by steering the beam against the vibration direction. In some situations of satellite optical communication the vibrations are random, and only the statistical characteristics of the process can be measured. In such cases, adaptation of transmitter telescope gain to vibration variance is preferred. Chen and Gardner 1 analyzed the impact of random pointing and tracking errors on the design of coherent and incoherent optical intersatellite communication links and found the optimum transmitter gain and power for pulse-position modulation and noncoherent frequency shift keying. Results of onboard measurements of satellite vibration spectra are described in Refs. 2 and 3. Results of measurements from the ground of satellite vibration spectra by laser radar are found in Refs. 7 and 8. Skormin et al. 9 described adaptive techniques to reduce the effects of vibrations on the pointing system. In Ref. 10 Arnon and Kopeika suggested a communication system adaptive to vibrations. Held and Barry 11 analyzed the precision pointing and tracking accuracy that is possible between satellite optical linking systems using measured platform disturbance data. Barry and Mecherle 12 found relationships between the rms standard deviation of the pointing error distribution and the burst error of the communication system. Lambert and Casey 13 described most of the concepts of laser communication in space, including effects of vibration on the communication system. Here we derive mathematical models that define an optimum transmitter telescope aperture and power as a function of vibration amplitude and system parameters. The analysis is carried out for direct detection with a pulse amplitude modulation format. Based on these models we analyze and compare the performance of optical communication systems with adaptive, discrete element, optical phased arrays and adaptive, continuous transmitter telescopes. Our model is the basis for design of the right complexity and performance of the tracking system and the transmitter telescope gain and power to make the system as simple and inexpensive as possible. An example of a practical communication system between a Geostationary Earth Orbit ͑GEO͒ Satellite and a Low Earth Orbit ͑LEO͒ Satellite is presented here. Our research suggests that a transmitter telescope gain with an adaptive four-element phased array is sufficient to compensate vibration doubling under power consumption considerations for the model and parameters investigated in this research.
Vibration Model
To establish optical communication between two satellites, the line of sight of their optics must be aligned during the entire time of communication. To meet this requirement we must use the Ephemerides data ͑the position of the satellite according to the orbit equation͒ for rough pointing and a tracking system for fine pointing to the other satellite. The basic and popular method of tracking between satellites includes use of a beacon signal on one satellite and a quadrant detector and tracking system at the other satellite. The fine elevation and azimuth angle of the pointing system evaluates the output signal of the quadrant detector. Because of noise in the tracking system 1 and mechanical vibrations, 2,3 the satellite transmitter beam to the receiver satellite vibrates. The orthogonal direction error pointing angle models of the vibrations are based on a normal distribution. 1 The elevation pointing error angle is normally distributed with a probability density of
where V and V are the elevation pointing standard deviation and the elevation pointing angle, respectively. The azimuth pointing angle error is normally distributed with probability density
where H and H are the azimuth pointing standard deviation and the azimuth pointing angle, respectively. The radial pointing angle error is the root sum square of the azimuth and elevation angles:
Based on symmetry we can assume that
We also assume that the azimuth and elevation processes 1 are independent and identically distributed. Accordingly, the radial pointing error angle model is Rayleigh distributed with a probability density of
In our model we use to describe the vibration amplitude of the pointing system. For a quadrant tracking system, the detector is divided into four equal segments. The proportional distribution of the signal between segments is used to develop the tracking signal. The tracking standard deviation signal is described 13 by
where SF is the slope factor of the tracking system and SNR is the signal-to-noise ratio of the tracking system. The standard deviation of the tracking signal defines the vibration amplitude of the pointing system. From Eq. ͑6͒ it can be seen that the vibration amplitude is proportional to the tracking system SNR. One of the dominant noise sources is background radiation. The background power radiation increases when interstellar objects such as the Sun, Moon, Earth, and stars are in the tracking field of view. When the tracking system SNR is decreased, the ability of the system to reject mechanical impact that penetrates the pointing system, from internal and external sources, is reduced. Accordingly, SNR reduction increases the vibration of the transmitter beam in the receiver plane.
Range Equation Model
The optical power received by the receiver satellite is
where
where is the wavelength, P T is the transmitter optical power, Z is the distance between satellites, T is the optics efficiency of the transmitter, and R is the optics efficiency of the receiver. The pointing loss factor is 1
where is the radial pointing error angle. This factor defines the attenuation of the received signal because of poor directionality. The transmitter gain is
where D T is the transmitter aperture diameter. The receiver gain is
where D R is the receiver aperture diameter.
Optimum Transmitter Power and Telescope Gain
The receiver is assumed to include an optical detector in the direct detection mode with a modulation format of pulse on-off keying. In such systems the BER for an optimal threshold receiver is 14
where 1 ͑͒ and 1 ͑͒ are the received optical signal and the receiver noise standard deviation for receiving 1, respectively, and 0 ͑͒ and 0 ͑͒ are the received optical signal and the receiver noise standard deviation for receiving 0, respectively. The error function is
To simplify approximation ͑12͒ we make three assumptions:
͑1͒ The signal for receiving 0 equals zero:
͑2͒ The signal is expressed by the function
͑3͒ The standard deviation of the signal for receiving 1 is expressed by the function
where C 1 , C 2 are functions of the system parameters and 0 is the noise standard deviation without any signal.
Under the above assumptions, we define approximation ͑12͒ as
If we define a new variable U ϭ 2 ͞2 2 , then Eq. ͑16͒ becomes
Now given C 1 ͞ 0 , C 2 , 2 , G T , and BER, the desired transmitter power can be found from approximation ͑19͒. However, in satellite engineering power consumption is one of the most important issues. Therefore we want to find the minimum required transmitter power. To do so we take the derivative of approximation ͑19͒ with respect to transmitter telescope gain.
Following Ref. 1, we take the derivative of approximation ͑19͒ according to G T :
With Leibnitz's rule for differentiation of integrals in approximation ͑20͒,
To determine minimum P T as a function of transmitter telescope gain G T we set ‫ץ‬P T ͞‫ץ‬G T ϭ 0. Because Eq. ͑21͒ is a null equation ͑equals zero͒, we can delete all the constants that are not variables of the integration. Based on the above, Eq. ͑23͒ becomes
Solving approximation ͑19͒ and Eq. ͑21͒ simultaneously for G T and P T , we derive the transmitter telescope gain ͑G Toptimum ͒ that yields minimum transmitter power ͑P Toptimum ͒ required under the conditions of the problem. After approximation ͑19͒ and Eq. ͑21͒ are solved, it is possible to adapt transmitter telescope gain G T2 and power P T2 to the new vibration amplitude 2 
.
The new optimum transmitter telescope gain is
The new optimum transmitter power is
In Fig. 1 we can see the optimum transmitter telescope gain multiplied by 2 as a function of BER ͓approximations ͑19͒ and ͑20͒ and Eq. ͑21͔͒. The optimum transmitter telescope gain multiplied by 2 changes from 0.042 to 0.128 for a change in BER from 10 Ϫ9 to 10
Ϫ3
. From this figure it can be seen that the BER increase is associated with an increase of transmitter telescope gain. This means that, for high values of BER, we need a homogeneous beam for most vibration amplitude values. In Fig. 2 we can see the optimum transmitter power multiplied by K 1 and divided by 2 as a function of BER ͓approxima-tion ͑19͒ and ͑20͒ and Eq. ͑21͔͒. The optimum transmitter power multiplied by K 1 and divided by 2 changes from approximately 6 ϫ 10 Ϫ6 to 0.9 ϫ 10
Ϫ6
for a change in the BER from 10 Ϫ9 to 10
Ϫ3
. From this figure it can be seen that, to achieve smaller values of BER, we must invest more power. The parameters for Figs. 1 and 2 were C 1 ϭ 1.03 ϫ 10 Ϫ16 , C 2 ϭ 8 ϫ 10 Ϫ11 and 0 ϭ 6 ϫ 10
Ϫ7
. These param- eters describe a system of GEO satellite communication to LEO satellites. Calculations of C 1 , C 2 , and 0 are based on parameters from Table 1 . The implementation of this adaptive model in satellite optical communication includes three subsystems: a vibration amplitude measurement unit, an adaptive variable telescope gain, and adaptive variable transmitter power. Now if the vibration amplitude measurement unit senses change in vibration amplitude, it adapts the transmitter power ͓Eq. ͑29͔͒ and telescope gain ͓Eq. ͑28͔͒ to optimum values so as to keep the performance of the communication system constant and to dissipate minimum energy.
Adaptive Optical Phased Array Transmitter Gain
A phased array antenna is composed of several radiating elements. By feeding the radiant elements correct phased and amplitude differences, the array radiation pattern can be shaped as needed. 15 For the past several years, 4 -6 optical phased arrays have been investigated for implementation in free-space optical communication. The main application intended for an optical phased array is to replace the fast-steering mirror in the transmitter satellite. 4, 5 We examined the use of an optical phased array to adapt the transmitter satellite to vibrations in the pointing direction. We used a simple model of an optical phased array transmitter with radiant elements that selects either of two states: on or off. Based on this concept we can change the transmitter gain discretely in a simple manner. This simple model considers a phased array aperture as being equivalent to the sum of the active element apertures.
This model of phased arrays described above can be used to adapt optical communication to vibration amplitude. Of importance for satellite design is that the phased arrays structure is small and light. Here we examine how many discrete elements of phased arrays are needed to converge to continuously variable telescope gain under given criteria.
The equivalent gain of an optical phased array is
where n is the total number of phased array elements and m is number of active elements. The effective aperture of the phased array is
The selection criterion for discrete element activation is
This criterion defines how many phased array elements can be activated. Figure 3 shows transmitter telescope gain as a function of 2 . Optimum transmitter telescope gain changes from approximately 6 ϫ 10 11 to 2.95 ϫ 10 11 for a change of 2 from 1.6 ϫ 10 Ϫ13 to 3.2 ϫ 10
Ϫ13
. Figure 3 shows four types of telescope: ͑1͒ continuous gain, ͑2͒ one discrete element, ͑3͒ three discrete elements, and ͑4͒ six discrete elements. It can be seen that, as we increase the number of elements, the discrete telescope gain converges to continuous gain. We performed the calculation for the same values of C 1 , C 2 , 0 , as in the above paragraph. The BER in this calculation was 10
Ϫ5
. Figure 4 shows the difference between the power of the adaptive phased array to the power of the adaptive continuous gain system. This difference in required power is due to the necessity to keep the BER constant even if vibrations increase and the telescope is not optimal. The optimum transmitter telescope The discrete element phased array for one, three, and six elements is marked by a solid line. Continuous gain is marked by a dotted curve. . In this figure we can see the required power difference for the same telescope gain as in Fig. 3 . It is easy to see that, as the discrete element of the phased array telescope increases, the required power difference decreases.
The ratio between the phased array transmitted power and that of the optimum continuous gain system is
where P Tpa ͑i, n͒ is the optimal power consumption by the transmitter with use of a phased array telescope with n elements for vibration amplitude i, and P Toptimum ͑i͒ is the power consumption with use of a transmitter with continuous telescope gain for vibration amplitude i. In Fig. 5 we can see R pa as a function of the number of phased array elements for BER's of 10
, 10
Ϫ7
, and 10
Ϫ9
. R pa changes from approximately less than 1.1 to close to unity for a change in the number of phased array elements from one to ten. It easy to see that, as the number of the elements increases, R pa converges to unity. If we decide that the maximum value of R pa to be permitted is 1.01, then a four-element phased array is sufficient to compensate for doubling the vibration amplitude. The calculation was performed for the same parameter values as above.
Engineering Model
Here we outline the mathematical model with engineering parameters. The parameters C 1 and C 2 are defined below. The electronic noise in the receiver satellite derives from four different sources, i.e., Johnson noise, signal quantum noise, dark current shot noise, and background quantum noise. Consequently,
The background quantum noise, assuming an avalanche photodiode detector, is expressed as
where P B is the received optical background power, M is the avalanche multiplication value, q is the electron charge, is the quantum efficiency, B is the bandwidth, h is Planck's constant, is the optical radiation frequency, and F͑M͒ is the excess noise factor. The excess noise factor is 14
where K eff is the effective ratio of the ionization coefficients. The dark current shot noise is
where I D is the photodiode dark current. The Johnson noise is
where R L is the load resistance, T e is the noise temperature of the electronic system, and k B is Boltzmann's constant. The responsivity of the avalanche photodiode is
The constant in Eq. ͑15͒ is The constant in Eq. ͑16͒ is
Using Eqs. ͑40͒ and ͑41͒ determines the values of C 1 and C 2 .
Summary
We have dealt with two aspects of adaptive optimization of transmitter power and telescope gain according to vibration amplitude. The first aspect required derivation of two integral equations whose solutions yield required transmitter power and telescope gain. The second aspect deals with discrete telescope gain based on optical phased arrays. From the results of this research, it can be seen, under the conditions stated here, that a four-element phased array is sufficient to compensate for doubling vibration amplitude.
